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Abstract—This paper presents the different steps of a numerical 
study of the morphological evolution of a sand-bed river in 
France. Hydrologic and morphological calibration are detailed, 
as well as the modelling of the impact of proposed restoration 
operations. The limitations of the model and the way we have 
dealt with them are exposed.
I. INTRODUCTION
In the framework of the large-scale restoration project of 
the Loire River (a sand-bed river in France) between Pont-de-
Cé and Nantes (see [1]), ARTELIA is in charge of the 
restoration of the stretch of the Loire River between Oudon 
and Anetz. The objectives of the restoration operations are to 
raise the water level at low flows and re-equilibrate the sharing 
of discharge between the main and secondary channels (with 
emphasis on the sector of Neuve-Macrière Island). It involves 
in particular reworking (shortening and lowering) of the 
groynes and other man-made structures in the river bed.
In order to help define and optimize the restoration 
operations, a numerical model of hydraulics, sediment 
transport and bed evolution of the stretch of the river Loire 
studied was set-up and calibrated.
This paper describes the calibration process and shows 
how the model has been used to help optimizing the 
configuration of structures in the river bed. At the same time, 
limitations of the model are shared with the view of motivating 
modelers to improve the methodology of such numerical 
studies.
II. MODEL DESCRIPTION
ARTELIA Eau & Environnement has built and calibrated 
a fine scale hydraulic and sedimentary numerical model 
covering an 18 kilometres stretch of the river (see the extent 
and initial bathymetry in Fig. 1 below). Mesh size is about 
equal to 10 meters in the river channel. A close-up view of the 
mesh is displayed in Fig.2.
Hydraulics are computed with TELEMAC-3D. For all the 
computations presented here, TELEMAC 3D is run as “quasi 
2D” using only two vertical planes, in order to reduce the 
computation time. It was checked that the results in terms of 
general hydraulics (water level profile) are identical when 
increasing the number of vertical planes. The initial choice of 
TELEMAC-3D instead of TELEMAC-2D came from the 
need to use a full 3D model when calibration data for it (i.e. 
detailed ADCP surveys of the 3D flow field) would be 
available. It turned out that such data could not be available 
during the project due to unusually weak hydrology of the 
river Loire.
Fig. 1 - Bathymetry of the model.
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Fig. 2 - Mesh (partial view).
Sediment transport (bedload only) and bed evolution are 
computed with SISYPHE internally coupled with 
TELEMAC-3D.
III. COUPLED HYDRAULIC AND MORPHOLOGICAL 
CALIBRATION
A.  Hydraulic calibration
Hydraulic calibration is performed based mainly on water 
surface profiles for low, medium and high flows. Different 
friction coefficient have been allocated to different zones: rip-
rap structures, sandy bed in the main channel and the broad 
secondary channels, narrow secondary channels, floodplain. 
The roughness coefficient is considered constant with regards 
to the water stage on all zones except the sandy bed in the main 
river channel. The underlying assumption is that the dunes (the 
size of which increases with the water stage) are responsible 
for most of the friction of the sandy bed.
Despite the availability of a significant number of water 
levels surveys for different discharges, the determination of 
the friction parameters (variation between zones and variation 
with discharge) remains weak (i.e. the calibration remains 
non-univocal) for the three following reasons:
(i) Even if global, width-averaged friction is well determined, 
the relative friction between groynes and sand bed could not 
be determined because of the lack of available velocity profile 
surveys. Thus, the chosen repartition of Strickler coefficient 
between the two zones is somehow arbitrary. Two different 
repartitions have been used, which enable to assess the 
robustness of the morphological model in terms of impact to 
this uncertainty. The table below presents the two sets of 
values of the Strickler friction coefficient.
FRICTION COEFFICIENT
Zone Set 1 Set 2
Rip-rap structures 8 m1/3/s 15 m1/3/s
Sandy bed 33 to 55 m1/3/s 28 to 35 m1/3/s
Secondary channels 25 m1/3/s 25 m1/3/s
Floodplain 18 m1/3/s 18 m1/3/s
(ii) The variation with water stages of the friction of the 
alluvial bed is based only on the incoming discharge, using an 
interpolation between the different water line surveys used for 
calibration. Bed roughness predictors exist that can link local 
sediment and hydraulic variables to dune dimensions and 
therefore roughness, and thus could, in theory, provide a more 
physically based spatial and temporal evolution of the friction 
coefficient. Such predictors were not tested in the framework 
of this study. 
(iii) Water levels computations for low discharges are highly 
dependent on the bathymetry (while medium to high 
discharges are not very sensitive to the bathymetry). This is 
shown in Fig. 3, which shows water line results of the model 
for a low discharge considering two different model 
bathymetries.
Fig. 3 - Surveyed and computed water lines for a discharge of 120 m3/s.
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 The fact that water levels surveys are not concomitant with 
available bathymetric data can induce major discrepancies 
between computed and surveyed water levels. The 
methodology used to overcome this limitation consists in a 
coupled morphodynamic and hydraulic calibration. Indeed, as 
all water line surveys used for hydraulic calibration are within 
the time-frame of the morphodynamic calibration, the 
bathymetry computed during the morphodynamic model at the 
date of the water line survey is used for the hydraulic 
computation. The water line computed during the 
morphodynamic calibration cannot be directly used for 
hydraulic calibration because of the morphodynamic factor 
used for morphodynamic calibration, and because the effect of 
tide (significant for low flows at the downstream part of the 
model) is neglected for morphodynamic calibration.
B. Morphodynamic calibration
The transport model used in SISYPHE considers a single 
size-class (one millimetre sand) and is based on a transport 
formula that is an adaptation of the Meyer-Peter and Müller 
formula [2]. This formula (as well as bed slope effects and 
avalanching) was calibrated during a previous research work 
on another site of the Loire river, see [3]. Similar sediment and 
transport conditions are indeed found at both sites. A similar 
mesh size is also used because the very low, non-physical, 
value that is needed for the angle of repose of the sediment 
(parameter of avalanching process) is probably dependant on 
the mesh size. 
In order to shorten computation durations, the 
“MORPHOLOGICAL FACTOR” keyword of SISYPHE is 
used. This factor is applied to the morphological evolutions, 
the hydrograph being “compressed” accordingly. Several 
morphological factors (up to 200) were tested on the 
calibration period, and the results compared with a reference 
computation with no time-acceleration (morphological factor 
of 1). A value of 100 was retained, which provides a good 
compromise in this case between accuracy and operational 
computation durations. It was possible to use a morphological 
factor here because it was checked that neglecting tide (by 
replacing the actual time-series of the water level gauge at the 
downstream end of the model by an averaged stage-discharge 
curve) has no significant morphological impact.
The morphological calibration then consisted of a 
simulation of the bed evolution between 2009 and 2013 and a 
comparison with the observed evolutions. The calibration 
results were satisfactory with both sets of friction coefficients, 
in particular in terms of localisation of areas of erosion and 
deposition (see Fig. 4 below for an example of results with set 
2). It is notable that no changes to the sediment transport 
formulation (calibrated previously on another site, see [3]) was 
necessary.
Fig. 4 - Comparison between surveyed and computed bed evolution for 2010-2013 – zoom on Neuve-Macrière island
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The model validation was then made on the 2013-2017 
period. For this period, results with set 2 were in general more 
accurate than those with set 1. Even with set 2 larger 
discrepancies appeared than for the 2009-2013 period. This is 
probably caused by the fact that floods were higher during the 
validation period than during the calibration period. It is 
probable than during high flood, sediment transport in 
suspension becomes significant and the bedload-only 
formulation used here becomes less accurate. More work 
would be needed here to test the impact of using a full solving 
of suspension transport (in addition to bedload) versus only a 
bedload-type formulation to compute morphological 
evolution in the Loire river (or in sand-bed rivers in general). 
More generally, it would be very beneficial for such studies to 
use other well documented test-cases to improve the 
robustness of transport formulations, not only for the 
computation of solid discharge, but also focusing on the lateral 
redistribution of sediment through slope effects or diffusion in 
suspension.
IV. LONG-TERM COMPUTATIONS
Future probable evolution in the case of no restoration 
(reference state) was then computed on a 50-years hydrologic 
scenario (based on past hydrology). Long-term results are very 
dependent on the chosen hypothesis for sediment loading at 
the upstream boundary of the numerical model. These results 
are thus not actual predictors of the future river morphology, 
but serve as a reference state in order to assess the impact of 
the proposed restoration operations.
V. IMPACT OF RESTORATION OPERATIONS
Restoration operations consist mainly in shortening and 
lowering the existing lateral groynes in the river bed. Groynes 
at the entrance and the exit of secondary branches, which in 
the present state completely block the flow for low stages, are 
also lowered or opened.
Long-term (50 years) computations were run with models 
implementing different versions of the restoration operations. 
The efficiency of these restoration operations was tested by 
comparison with results for the reference state for:
- Bed evolution (erosion or deposition on the main 
river channel and the secondary branches);
- Hydraulics indicators (water level stages, inundated 
areas, discharge in the secondary branches) for low 
discharge, mean discharge and flood discharge after 
10, 20 and 50 computed years.
In the river main channel, the computed impact of groyne 
shortening and lowering was very positive since the new 
computed morphology consisted in a higher bed level. As a 
consequence a significant raising of water levels for low flows 
was computed (see Fig. 5 below for water lines results 
considering bed evolution computed by the final version of the 
restoration operation). Similar results were obtained for both 
sets of friction coefficients.
Fig. 5 - Impact on water lines of restoration operations - discharge of 207 m3/s.
Concerning the configuration of the groynes at the 
entrance, exit, or inside of the secondary branches, no clear 
pattern emerged. Computed trends of evolution are indeed 
highly dependent on the secondary branch considered. 
Optimization of the structures around secondary branches was 
performed mostly for the entrance and the exit of the Neuve-
Macrière secondary branch. Indeed, limiting further sediment 
deposition in this branch as well as improving its connectivity 
with the main channel was one of the main restoration 
objective. Computation results showed that for that purpose, 
an optimal configuration of the groyne field at the entrance 
consisted in maintaining groynes upstream of the entrance in 
order to limit entrance of sediment in this branch, while 
dismantling groynes at the entrance in order to improve 
connectivity at low water stages. This proposed new 
configuration is shown beside the actual configuration in Fig. 
6 below. With this configuration, the computed morphology of 
the secondary branch of Neuve-Macrière Island after 50 years 
respects the two main objectives: a lower bed level and a better 
connectivity at low flow.
Fig. 6 - Proposed new configuration for the groynes at the entrance of Neuve-Macrière island
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VI. CONCLUSION
The use of a numerical model in order to study long-term 
evolution of river morphology at a very fine scale is still not 
common practice in engineering. Nevertheless, stakeholders 
now regularly demand such studies.
The study presented in this paper enables to identify two 
paths for the improvement of the accuracy of such studies: 
? using more measurements for internal calibration. If this
is not possible, model operation should be run
considering different alternatives for calibration
parameters. For the study presented here, the
stakeholder was very aware of the importance of
measurements, and a rather large dataset was available
(some surveys were even undertaken in parallel to the
numerical study). Nevertheless comprehensive flow
field data was lacking. Therefore, there was no unique
solution for the parameters of the hydraulic calibration
(equifinality). In order to limit the associated
uncertainty on morphological results, the model was run
with two different sets of parameters for friction
coefficients. The model proved robust in our case as its
main answers concerning the impact of restoration
operations were similar using both sets.
? getting more feedback from real applications in order to
improve formulations for sediment transport, and not
only solid discharge itself (the prediction of which being
not that problematic), but also bed slope effects and
repartition between bedload and suspension.
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